In situ diagnostic techniques provide a means of understanding the internal workings of fuel cells so that improved designs and operating regimes can be identified. Here, for the first time, a combined current density and temperature distributed measurement system is used to generate an electro-thermal performance map of an air-cooled, air-breathing polymer electrolyte fuel cell stack operating in an air / hydrogen cross-flow configuration. Analysis is performed in low-and high-current regimes and a complex relationship between localised current density, temperature and reactant supply is identified that describes the way in which the system enters limiting performance conditions. Spatiotemporal analysis was carried out to characterise transient operations in dead-ended anode / purge mode which revealed extensive current density and temperature gradients.
Introduction
Polymer electrolyte fuel cells (PEFCs) are complex devices, due to the variety of operational strategies (liquid/air cooled, humidified/dry gases), designs (closed/open cathode, through-flow/dead-ended) and materials. Understanding of the in-situ behaviour and more specifically of the complex interaction between localised current and temperature is crucial for the development of improved systems.
Although current density and temperature have been separately investigated, little has been reported on the combined current and temperature mapping of PEFCs.
Studies have used micro-thermocouples arrays inserted within a cell [17, 35] and infrared transparent windows [15, 30] for temperature measurement; current density measurements performed using PCB segment plates. In the case of the thermocouple insertion method [17, 35] , they have to be positioned between the cathode flow field and the membrane electrode assembly (MEA) to provide accurate reading, which could affect the flow of reactants and access to the electrodes; similarly, the introduction of the window [15, 30] might alter the water condensation, and overall thermal management aspects of cell performance.
Comprehensive understanding of temperature and current density distribution is essential for effective design of PEFCs to assess steady-state operation over a range of operating conditions / modes. For air-cooled open-cathode systems, in which a stream of air generated by external fans concurrently services both the cooling requirement of the stack and supply of oxygen to the cathode, the need to understand the link between electrochemical and thermal performance is particularly important. The electro-thermal performance of such systems has been investigated previously at a whole-stack level [36] , but methods of spatiotemporal electro-thermal analysis are required.
Knowledge of the temperature and current density distribution is also essential for understanding transient processes occurring in PEFCs operated in dead-ended mode. During the voltage decay observed in dead-ended mode [37] [38] [39] [40] [41] , multiple processes are have been identified to play a part, including water accumulation open-cathode channels. The exhaust hydrogen flow rate in through-flow mode was measured using a thermal mass flow meter (MassVIEW, Bronkhorst) to be 4.7 SLPM (standard litres per minute) when no load was applied. The fans, which provide cooling and air supply to the cathode, were controlled by a programmable power supply (3649A Agilent). The current drawn from the PEFC was controlled by an electronic load (6060B, Agilent) in galvanostatic mode. An in-house computer controlled system coordinates the air, hydrogen, cooling and electrical valves (LabVIEW, National Instruments) as well as recording and presenting data using a data acquisition card (PCI 6221, National Instruments). Ambient temperature, pressure (absolute) and relative humidity (RH) were measured, being of around 25 °C, 1.02 bar (Abs) and 40% RH respectively, during all tests. The operation of this fuel cell in terms of cathode design, cooling and active channels [36] , temperature uncertainty [44] and water management in dead-ended anode mode [37] has been described in previous work.
Surface temperature mapping: Thermal imaging was performed using a 640×512 focal plane array camera (SC5600MB FLIR, UK). The images were recorded using commercially available software (ResearchIR, FLIR ATC, Croissy-Beaubourg, France). The camera has an extended wavelength detector allowing detection of infrared light within the range 2.5 μm -7 μm. The cavity nature of the cooling and active channels approximate to quasi-blackbody emitters, with an emissivity of 1. with gold plated contact segments. Each rectangular contact segment, reading one current and covering one copper meander has an area of 3.75 cm 2 . The 16 segments ( Fig. 1 a) combined cover the total membrane active area. A multiplexer successively scans the 16 segments and sends the signal to an amplifier and analog-to-digital converter ( Fig. 1 b) . Finally, the signal is sent to the computer via a USB interface. After calibration, the actual current density and temperature profile is obtained. The fuel cell is operated in galvanostatic mode, and since isopotential conditions are assumed, an applied total current provides a constant voltage through the plate and a distribution of local current density.
Insertion of the sensor plate into the fuel cell:
The sensor plate is integrated between an anode and a cathode plate, in the centre of the fuel cell stack. The air flows through the active and cooling channels ( Fig. 1 c) of the stack. 
Results and Discussion
In characterising the electro-thermal performance of the stack, the external temperature distribution is first described using infrared thermal imaging. Then the link between internal temperature and current density distribution is considered under steady-state conditions. Finally, the spatiotemporal electro-thermal performance is examined for dead-ended / purge anode transients.
Thermal imaging of external stack temperature
The influence of temperature on the performance of air-cooled open-cathode fuel cells has been reported previously using thermal imaging and thermocouples [36, 37, 44] . However, thermal imaging only gives an indication of the external temperature of the stack and thermocouples are normally limited to a few singlepoint measurements.
However, when used in combination with an array of internal temperature measurements, thermal imaging provides a useful external boundary condition with very high spatial resolution. By changing the fans' orientations, (either blowing air or aspirating air through the stack), it is possible the capture the temperature of the air inlet or the air outlet. The temperature distribution over the x-axis, for the air inlet and air exhaust, is depicted using bars centred at the average temperature in Fig. 5 (a). The temperature span is quite significant over the x-axis and increases with higher current densities up to 17 o C at 0.92 A cm -2 . It also significantly increases over the yaxis, with a temperature span reaching 30 o C at limiting current density.
Thermograms in Fig. 2 (b) reveal hot spots towards the hydrogen inlet (left) of the stack, however, the ability to determine the cause of this localised heating effect is limited. Thermal imaging only provides the surface temperature; in order to obtain the heat profile inside the stack, and associate this with current density distribution, a combined internal current and temperature mapping approach is required. Here, such an approach is taken to study steady-state performance in cross-flow configuration and in dynamic mode to investigate dead-end / purge operation.
Current and temperature mapping
Combined current and temperature distribution mapping was performed in two regimes of operation based on 'low' (<0.46 A cm -2 ) and 'high' average current density (0.46 to 0.93 A cm -2 ).
3.2.1. Current and temperature mapping in the low current density regime.
Considering the current density distribution ( Fig.4 a and b ), one can see that the segments exhibit a gradient along the x-axis (hydrogen flow direction), with decreasing current density the further away from the hydrogen inlet. This is consistent with the consumption, and depletion, of hydrogen, even though the hydrogen has a stoichiometry of  H2 = 4. The oxygen stoichiometry, based on a constant air flow rate, generated by the fans through the tests (details on the calculations can be found in previous work [36] ) is of 40 at 0.46 A cm -2 . In the y-axis (air flow direction) it can be seen that there is a change in direction of gradient at the start and end of the cell. The columns on the left (at the hydrogen inlet) actually increase in current, whereas those at the hydrogen exit decrease in the air flow direction.
The temperature increases approximately linearly with increasing current density in every segment ( Fig.4 c) . Although the current density is similar in the first and second column, the first column remains slightly colder because it is fed with hydrogen at ambient temperature, which acts to cool the entrance to the stack. The current density gradient creates a temperature gradient along the x-axis, as a lower current density reduces heat generation ( Fig.4 c-d ).
The highest temperature is observed around Segments 9, 10, 13, 14 due to the proximity to the hydrogen inlet and air exhaust, this is consistent with the thermal imaging observations at 0.46 A cm -2 , showing the appearance of a hot spot between the first and second quadrant ( Fig. 3 
b).
This is an example of the coupled effect of current and temperature. The higher temperature at the hydrogen inlet produces a better performance environment with higher electrolyte conductivity, actually leading to improved performance despite the cathode suffering from uneven cooling. Segments 3 and 4 have low temperature and current density, due to the low hydrogen efficiency and proximity to air inlet.
Current and temperature mapping in the high current density regime
Above 0.8 A cm -2 , a redistribution of the current distribution profile is observed ( Fig. 5 a-b), with substantial current density gradients occurring in both the x-and y-axis.
The temperature of most segments ( Fig. 5 c-d) increases in an exponential fashion, as a result of the increase in current density.
To focus on performance at high current, Fig representing the high temperature region, shows that the rate of current increase is tapered, whereas that of Segments 3 and 4, the low temperature region, increases more rapidly with increasing load (Fig. 6 a) .
The high temperature region is in excess of 70C in Segments 13 and 14 ( Fig. 6 b) ;
given the very high flow rate and un-humidified air stream, the membrane resistance is likely to increase due to dehydration under these conditions [45] [46] [47] . This is a high current density limiting effect induced by the membrane. However, under the cooler conditions (20 o C lower), Segments 3 and 4 increase in current to service the total current required from the stack and heats accordingly. Again, this result highlights the coupled nature of current and temperature and stresses that both need to be considered to understand performance.
Transient evolutions during dead-ended anode / purge events at 0.7 A cm -2
Dead-ended anode purge operations have been investigated previously on a similar system where it was proposed that performance transients are due to a combination of pressure, reactant cross-over, reactant consumption and water management issues [37] . However, no insight was available as to the spatiotemporal characteristics.
In this mode of operation the purge valve, located at the fuel exhaust [37, 44] is kept closed for an extended time at a constant overall current density of 0.7 A cm -2 . This current density was chosen because previous work has highlighted that the voltage decay in dead-ended mode becomes significant over 0.65 A cm -2 [37] . Steady-state conditions are attained ~840 s after the purge valve was closed, during which time a significant redistribution of local current occurs, some segments decreasing and others increasing to sustain an overall current constant.
It can be seen from Fig. 9 . that as soon as the purge valve is closed, the voltage initially increases by 6 mV; this has been shown to be due to a Nernstian effect caused by the increase in pressure (1 to 1.4 bar absolute) in the anode [37] . After In going from hydrogen through-flow to dead-ended operation, the way that the hydrogen is delivered has fundamentally changed. Although in each case the source of hydrogen has not been limited, in through-flow there is a forced convection supply of hydrogen as it passes through the cell; in dead-ended mode, supply is diffusion driven by the electrochemical consumption of hydrogen [37] . The diffusion of hydrogen is insufficient, and has been shown to suffers from water saturation [38] and flooding along with nitrogen accumulation [42] , which produce further hydrogen dilution and worsen diffusion limitations.
Steady state conditions are reached after t >840 s ( Fig. 9 a-b), with large spatial electro-thermal gradients across the cell ( Fig. 8 c-d), possibly because water condensation cannot reach further areas into the system due to the temperature gradient. As soon as the exhaust valve is opened, the system fully recovers within 240 s, and returns to the conditions prior to the dead-ended period.
In order to avoid possible degradation mechanisms and keep the benefit of deadended anode (higher fuel efficiency, low parasitic power consumption), the deadended period should be limited to avoid severe gradient formation.
Conclusion
For the first time, combined current density and temperature mapping using a single sensor plate has been performed on a polymer electrolyte fuel cell stack to provide a localised electro-thermal performance map. An air-cooled fuel cell is examined that operates in air / hydrogen cross-flow. In the low current density regime, current density distribution is primarily dictated by the anode and hydrogen consumption gradient, with the greatest temperature gradient in the direction of air flow. At high current density regime, temperature starts to drive the current density distribution.
The hottest segments reach limiting current densities, attributed to membrane dehydration.
The transient evolution in dead-ended anode mode illustrates local spatiotemporal behaviour, with temporal steady-state condition reached. Understanding the gradients set-up during these transients could be crucial to predict long-term degradation and enhance the system life-time. Such information is particularly valuable for determining where to position discrete thermocouples in practical systems to target and monitor extremes of temperature. [45] [10] [11] [12] , shunt resistors [13] [14] [15] and Hall effect sensors [16] [17] [18] [19] [20] [21] . Measurements have also been performed at sub-millimetre resolution [22, 23] , investigating the gradients across the land and channel areas. Most studies highlighted uneven performance under high current density, uneven fuel consumptions [2, 5, 6, 14] , the crucial influence of the operating conditions [3, 13, 19] , stoichiometric ratios [8, 11, 12, 20] , fuel orientations [6, 13] , water management [10] , CO electro-oxidation [7] and CO poisoning [24, 25] distribution.
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Temperature distribution has also been extensively studied, identifying areas of higher electrochemical activity, hot spot formation and fuel depletion. Thermocouples can provide a crude measure of temperature inside fuel cells [16, 17, 26, 27] but have accuracy limited to ±1 o C and cannot provide high spatial resolution. Moreover, thermocouples need to be inserted inside the fuel cell, which often requires design modifications. In contrast, infrared thermal imaging can provide very high spatial and temperature resolution [28] [29] [30] [31] [32] [33] [34] , yet it typically requires use of specially designed fuel cells with a window transparent to infrared radiation, or is otherwise confined to measurement of the outer surface of a cell or stack.
Studies have used micro-thermocouples arrays inserted within a cell [17, 35] and infrared transparent windows [15, 30] for temperature measurement; current density measurements performed using PCB segment plates. In the case of the thermocouple insertion method [17, 35] , they have to be positioned between the cathode flow field and the membrane electrode assembly (MEA) to provide accurate reading, which could affect the flow of reactants and access to the electrodes; similarly, the introduction of the window [15, 30] Knowledge of the temperature and current density distribution is also essential for understanding transient processes occurring in PEFCs operated in dead-ended mode. During the voltage decay observed in dead-ended mode [37] [38] [39] [40] [41] , multiple processes are have been identified to play a part, including water accumulation (highlighted using neutron imaging [37, 38] ) and nitrogen accumulation (measured via off-gas analysis [37, 42, 43] ).
Meyer et al. [37] reported an increase of the overall temperature and ohmic resistance in dead-ended mode. Eventually, local current density could be much higher than the average, and the overall effect could be a local drying of the membrane due to the enhanced reaction heat. Therefore, understanding of the spatiotemporal evolution of the electro-thermal map at constant load but in deadended mode would be useful to investigate these claims.
Here, we present the results obtained using a PCB sensor plate device that incorporates both current collection and temperature measurement in close registration with each other. The technique is applied to an air-cooled PEFC where the plate is inserted at the middle of a 5-cell stack. Both steady-state and dynamic operation are investigated. fuel cell in terms of cathode design, cooling and active channels [36] , temperature uncertainty [44] and water management in dead-ended anode mode [37] has been described in previous work. Combined current and temperature mapping: A device for the measurement of the current and temperature distribution, based on PCB technology, was developed by S++ (S++ Simulation Services, Germany). The device is shown in Fig.2 with gold plated contact segments. Each rectangular contact segment, reading one current and covering one copper meander has an area of 3.75 cm 2 . The 16 segments ( Fig. 1 a) combined cover the total membrane active area. A multiplexer successively scans the 16 segments and sends the signal to an amplifier and analog-to-digital converter (Fig. 1 b) . Finally, the signal is sent to the computer via a USB interface. After calibration, the actual current density and temperature profile is obtained. The fuel cell is operated in galvanostatic mode, and since isopotential conditions are assumed, an applied total current provides a constant voltage through the plate and a distribution of local current density.
Experimental

Insertion of the sensor plate into the fuel cell:
Results and Discussion
Thermal imaging of external stack temperature
However, when used in combination with an array of internal temperature measurements, thermal imaging provides a useful external boundary condition with very high spatial resolution. By changing the fans' orientations, (either blowing air or aspirating air through the stack), it is possible the capture the temperature of the air inlet or the air outlet. Fig. 3(a) describes the temperature range and distribution observed on the air inlet and outlet of the stack operating over a range of average current densities. Little influence of the fans' orientations is seen on the voltage response.
The temperature distribution over the x-axis, for the air inlet and air exhaust, is depicted using bars centred at the average temperature in Fig. 5(a) . The temperature span is quite significant over the x-axis and increases with higher current densities up to 17 o C at 0.92 A cm -2 . It also significantly increases over the yaxis, with a temperature span reaching 30 o C at limiting current density.
Current and temperature mapping
Considering the current density distribution ( Fig.4 a and b) , one can see that the segments exhibit a gradient along the x-axis (hydrogen flow direction), with decreasing current density the further away from the hydrogen inlet. This is consistent with the consumption, and depletion, of hydrogen, even though the hydrogen has a stoichiometry of  H2 = 4. The oxygen stoichiometry, based on a constant air flow rate, generated by the fans through the tests (details on the calculations can be found in previous work [36] ) is of 40 at 0.46 A cm -2 . In the y-axis (air flow direction) it can be seen that there is a change in direction of gradient at the start and end of the cell. The columns on the left (at the hydrogen inlet) actually increase in current, whereas those at the hydrogen exit decrease in the air flow direction.
The temperature increases approximately linearly with increasing current density in every segment (Fig.4 c) . Although the current density is similar in the first and second column, the first column remains slightly colder because it is fed with hydrogen at ambient temperature, which acts to cool the entrance to the stack. The current density gradient creates a temperature gradient along the x-axis, as a lower current density reduces heat generation ( Fig.4 c-d ).
The highest temperature is observed around Segments 9, 10, 13, 14 due to the proximity to the hydrogen inlet and air exhaust, this is consistent with the thermal imaging observations at 0.46 A cm -2 , showing the appearance of a hot spot between the first and second quadrant ( Fig. 3 b) .
Current and temperature mapping in the high current density regime
The temperature of most segments ( Fig. 5 c-d ) increases in an exponential fashion, as a result of the increase in current density.
To focus on performance at high current, Fig. 6 compares segments located at extreme locations of the cell. The current density of Segments 10 and 14,
representing the high temperature region, shows that the rate of current increase is tapered, whereas that of Segments 3 and 4, the low temperature region, increases more rapidly with increasing load (Fig. 6 a) .
3.3.
Transient evolutions during dead-ended anode / purge events at 0.7 A cm -2
It can be seen from Fig. 9 . that as soon as the purge valve is closed, the voltage initially increases by 6 mV; this has been shown to be due to a Nernstian effect caused by the increase in pressure (1 to 1.4 bar absolute) in the anode [37] . After the maximum voltage is attained, it drops with two changes of slope, from 160 V s -1 to 35 V s -1 after  360 s, and from 35 V s -1 to 2 V s -1 after  840 s. The results from the temperature and current mapping, Fig. 9 and Fig. 8 , show that relatively flat temperature and current distribution profiles in through-flow mode have resulted in high gradients in dead-ended mode. Temperature and current density near the inlet In going from hydrogen through-flow to dead-ended operation, the way that the hydrogen is delivered has fundamentally changed. Although in each case the source of hydrogen has not been limited, in through-flow there is a forced convection supply of hydrogen as it passes through the cell; in dead-ended mode, supply is diffusion driven by the electrochemical consumption of hydrogen [37] . The diffusion of hydrogen is insufficient, and has been shown to suffers from water saturation [38] and flooding along with nitrogen accumulation [42] , which produce further hydrogen dilution and worsen diffusion limitations.
Steady state conditions are reached after t >840 s ( Fig. 9 a-b) , with large spatial electro-thermal gradients across the cell (Fig. 8 c-d) , possibly because water condensation cannot reach further areas into the system due to the temperature gradient. As soon as the exhaust valve is opened, the system fully recovers within 240 s, and returns to the conditions prior to the dead-ended period.
Conclusion
The transient evolution in dead-ended anode mode illustrates local spatiotemporal behaviour, with temporal steady-state condition reached. Understanding the gradients set-up during these transients could be crucial to predict long-term degradation and enhance the system life-time. Such information is particularly valuable for determining where to position discrete thermocouples in practical systems to target and monitor extremes of temperature. 4  3  2  6  8  7  9  10  11  12  13  14  15  16 Active channel 
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